. Preparation of phage-AuNRs. (A) TEM image of AuNRs; (B) UV-vis spectra of AuNR alone (black), M13KE-AuNR (red), and M13KE-AuNR in the presence of E. coli cells (blue, purple, green; cell amounts indicated in the legend). (C, D) XPS spectra of S 2p (S 2p3/2 and S 2p1/2 ) for M13KE-SH (C) and M13KE-AuNR (D). The binding energies of the sulfur electrons (S 2p : S 2p3/2 and S 2p1/2 ) in thiol groups were 163.6 and 164.8 eV, respectively; these peaks were present in both M13KE-SH (C) and the M13KE-AuNR (D) bioconjugates. However, additional electron binding energies (S 2p3/2 and S 2p1/2 ) from the Au-S bond appear at 161.8 and 163.0 eV, respectively, in M13KE-AuNR but not in M13KE-SH (1) . In particular, the S 2p3/2 peak at 161.8 eV can be readily identified as a new signal, confirming successful conjugation of the AuNRs to the phage particles. Deconvoluted peaks are shown centered at 164.8 (blue, S 2p1/2 ) and 163.6 (red, S 2p3/2 ) eV (a.u. = arbitrary units). In (D), additional peaks are shown centered at 163.0 (green, S 2p1/2 ) and 161.8 (purple, S 2p3/2 ) eV. bioconjugates with cells at 10 2 , 10 4 , and 10 6 CFU (blue, magenta, and green lines, respectively) are shown. V. cholerae, X. campestris (pv vesicatoria), X. campestris (pv campestris) and P. aeruginosa).
Absorption spectra of (A) M13KE-AuNR, (B) M13-g3p(CTXφ)-AuNR, (C) M13-g3p(If1)-AuNR, (D) M13-g3p(φXv)-AuNR, and (E) M13-g3p(φLf)-AuNR, when incubated with the bacterial community. The target cells were present in the amount indicated in the legend (10 2 (blue), 10 4 (magenta), 10 6 (green) CFU); the other bacterial species were present at 10 6 CFU.
The spectra of AuNRs (black) and corresponding bioconjugates (red) were shown. In the presence of E. coli, non-conjugated AuNRs produce more heat than M13KE-AuNRs due to their greater absorption at the laser wavelength ( Figure S7B ). Nevertheless, local heating of cells from M13KE-AuNRs is still higher than both controls. BCECF measurements should be taken qualitatively (see main text, Results). (E) Spectrum of E. coli stained with BCECF measured in the presence (red) or absence (black) of AuNRs, indicating no significant effect of AuNRs on BCECF fluorescence. Figure S10 . Live/dead staining of E. coli ER2738 cells in suspension before (row A) and after (row B) 10 min NIR irradiation with M13KE-AuNRs. From left to right panels are green field (SYTO9: staining both live and dead cells), red field (PI: staining dead cells), merged image of the two fields, and representative colocalization image. Scale bar in SYTO 9, PI, and merged image = 30 µm; scale bar in colocalization image = 5 µm.
Note regarding merged images: live/dead staining uses a combination of two dyes: SYTO9, a green stain for nucleic acids that enters all cells (both live and dead cells), and propidium iodide (PI), a red stain for nucleic acids that only enters cells with damaged membranes (dead cells). Therefore, dead cells stain both red and green, while live cells stain only green. Because it is difficult to control the relative extent of staining for the two dyes, dead cells (which stain both red and green) may appear to be a variety of colors in the merged image depending on how much PI relative to SYTO9 entered that cell.
In object-based colocalization analysis by JACoP v2.0 (ImageJ), the number of green objects (all cells) was counted (N green ) and their centers identified. The number of these centers that colocalize with the center of a red object (dead cells) was counted (N col ). f col is the fraction of cells identified as dead by this colocalization analysis (N col /N green ). The colocalization image shows the green centers (appearing as dots) as well as the red objects (thresholded). Figure 5 of main text for separate red (SYTO 9, staining all cells) and green (PI, staining dead cells) channels. See notes in caption of Figure S10 regarding merged and colocalization images. The scale bars on the left and right panels are 30 µm and 5 µm respectively. It can be seen that, after irradiation, nearly all cells (centers are green dots) are also red objects, indicating dead cells. Figure S15. P. aeruginosa biofilm was resuspended for colony counting and plated on LB agar before (A) and after (B) NIR irradiation for 10 min with M13-g3p(Pf1)-AuNRs. While the control plate (biofilm exposed to phage-AuNRs before irradiation; A) shows robust colony growth, after irradiation, no colonies were formed. Note that the biofilm itself does not inhibit growth of colonies, as shown by growth in the control plate (A). Colony formation has been widely used by others to assay P. aeruginosa biofilms (e.g., (4) (5) (6) (7) (8) ). To propagate X. campestris (pv. campestris; ATCC33913) and X. campestris (pv. vesicatoria; ATCC35937), a single colony was inoculated into 5 mL YPD medium without antibiotics in a 50 mL Falcon tube at 27 °C for 48 hours. The bacterial concentration was determined by measuring the optical density at 600 nm. For X. campestris (pv. campestris) (13) , OD 600 of 0.1 = 10 8 CFU/mL; for X. campestris (pv. vesicatoria) (14) , OD 600 of 0.2 = 10 8 CFU/mL.
Preparation of antibody-AuNR bioconjugates.
Conjugation of αLPS antibody to gold nanorods was performed according to reported literature (15) . The residual CTAB on the surface of AuNRs were exchanged with HOOC-PEG-SH as described above. In a typical reaction, 10 µL of the antibody (0.5 mg/mL) was added to 1 mL AuNRs (6. PrestoBlue cell viability assay as described previously.
Photothermal lysis of target cells mixed with excess non-target cells.
A mixture of M13KE-AuNRs (10 11 phage particles), E. coli F + cells (10 4 cells; resistant to tetracycline and ampicillin, i.e., target cell), and E. coli Fcells (10 10 cells; resistant to ampicillin, i.e., non-target cell) in 1 mL solution was irradiated with the NIR laser for 10 min. The cells were plated on LB plates with 100 µg/mL ampicillin (non-selective for F + vs. F -) to determine CFU for all cells, and on LB plates with 100 µg/mL ampicillin and 10 µg/mL tetracycline to determine CFU for target cells only. A similar experiment was performed with antibody-AuNRs keeping the same concentration of AuNRs.
Attenuated total reflection infrared (ATR-FTIR) spectra measurement. ATR-FTIR spectra
were measured with a Nicolet iS10 FTIR using a MCT detector and a Harrick Scientific Corporation GATR accessory (MRL at UCSB).
Ultraviolet-visible (UV-vis) spectra measurement. UV-vis spectra were collected on a
Shimadzu UV-1800 UV-vis spectrophotometer with a quartz spectrasil UV-vis cuvette using direct detection at a slit width of 2 nm (CNSI at UCSB). X-ray photoelectron spectroscopy (XPS) measurement. XPS measurements were performed on a Thermofisher Escalab Xi+ spectrometer using monochromated Al Kα excitation source (1486.6 eV). The analysis of XPS data was carried out using CASAXPS2.3.19 software package.
Colocalization analysis.
Object-based colocalization analysis was performed using the JACoP v2.0 plugin in ImageJ (16, 17) . When analyzing images of biofilm with MDCKII cells, subsections of the image were chosen that did not show obvious staining from MDCKII cells to avoid counting objects from staining of MDCKII cells.
Quantitation of EPS.
The extracellular polymeric substances (EPS) of the biofilm was stained and quantified by crystal violet according to previous literature (18) . Briefly, the biofilm was stained with 150 µL of 0.1% crystal violet solution and incubated at room temperature for 10-15 min. The plate was rinsed with water 3-4 times to remove excess cells and dye. Then the plate was dried at room temperature overnight upside down. 150 µL of 30% acetic acid in water was added to solubilize the crystal violet for 15 min and the amount of EPS was quantified by measuring the absorbance in a TECAN infinite 200 Pro plate reader (TECAN, Switzerland) at 550 nm.
Supporting Information:
Text S1
Since aggregates inhibit activity of biologics, extensive aggregation may be a problem. In this work, we adjusted the density of thiolation to avoid aggregation in the nanorod formulation by itself, i.e., aggregation only occurs on cells and thus should not be a problem for the formulation. A consequence of aggregation is the LSPR peak shift and broadening. This effect on the absorption spectrum should be considered when deciding on the wavelength of excitation light.
Text S2
Whether complete killing of cells (100% eradication) is important for clearance of the infection likely depends on host factors. An immuno-competent host can clear some bioburden of bacteria, such that 100% eradication by phage-nanorods would not be necessary (19) . On the other hand, an immunocompromised host may only be able to clear a small amount of bacteria, and greater eradication would be important.
Considering the prevention of phage replication, phage replication does depend critically on the concentration of hosts. In particular, the concentration of bacteria must exceed a critical threshold in order for phage infection to spread (20) . Therefore, qualitatively, a small amount of bacterial survival would not result in significant phage replication, but an amount in excess of the critical threshold would lead to propagation of phage. To prevent this, additional biocontrol is helpful. In our particular case, the phage that targets P. aeruginosa was created as a chimera of an E. coli phage (M13) and a P. aeruginosa phage (Pf1). The chimeric phage has replication proteins appropriate for E. coli but the receptor-binding protein targeting P. aeruginosa. Therefore, although the chimeric phage can be produced if its genome is transformed into E. coli, it cannot sustain a complete life cycle on either E. coli or P. aeruginosa. Such genetic engineering reduces or eliminates the likelihood of undesired phage propagation without affecting the ability of the phage-nanorods to kill their targeted hosts.
